The purple sea urchin, Strongylocentrotus purpuratus, possesses a sophisticated innate immune system that responds to microbes effectively by swift expression of the highly diverse Sp185/333 gene family. The Sp185/333 proteins are predicted to have anti-pathogen functions based on inducible gene expression and their significant sequence diversity. Sp185/333 proteins are all predicted to be intrinsically disordered and do not exhibit sequence similarities to other known proteins. To test the anti-pathogen hypothesis, a recombinant Sp185/333 protein, rSp0032, was evaluated and found to exhibit specific binding to marine Vibrio diazotrophicus and to Saccharomyces cerevisiae, but not to two Bacillus species. rSp0032 also binds to LPS, ␤-1,3-glucan and flagellin but not to peptidoglycan. rSp0032 binding to LPS can be competed by LPS, ␤-1,3-glucan and flagellin but not by peptidoglycan. We speculate that the predicted intrinsically disordered structure of rSp0032 may adapt to different conformations in binding to a limited number of PAMPs and pathogens. Given that rSp0032 binds to a range of targets, and that up to 260 different Sp185/333 proteins can be expressed per individual sea urchin, this family of immune response proteins may facilitate effective host protection against a broad array of potential pathogens encountered in the marine environment.
Introduction
Echinoderms lack adaptive immune systems (reviewed in (Smith and Davidson, 1992; Gross et al., 1999) ), yet they possess sophisticated innate immunity and produce diversified antigen recognition molecules for successful pathogen detection and clear- (Terwilliger et al., 2007 . Elements are blocks of sequence that are defined by gaps in the alignment and are illustrated as colored rectangles. Element 25 is subdivided into three sub-elements (a, b, and c) that are defined by three possible stop codons encoded by the genes. The predicted Sp185/333 proteins contain a leader (L), a gly-rich region (elements 1-9), a his-rich region (elements 10-23) and a C-terminal region (elements 24-25 ). An arginine, glycine, and aspartic acid (RGD) motif (sun symbol) with putative integrin binding function is present in element 7. (B) Mosaic combinations of different elements result in recognizable element patterns of the Sp185/333 proteins and provide significant diversity among the isoforms. A few element patterns are illustrated including E1 that is the element pattern for rSp0032 (red asterisk). (C) The full-length rSp0032 structure without the leader plus the rGly-rich, rC-Gly and rHis-rich fragments are shown. Arrows indicate the positions of the peptides that were used to generate the three anti-Sp185/333 sera. Peptide sequences are available from (Table S1 in (Brockton et al., 2008) and Fig . 5B in (Dheilly et al., 2009) ). Figures are modified from . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) leader, which is likely cleaved during protein processing based on bioinformatic predictions. The second exon encodes the mature protein, which includes tandem and interspersed repeats. Optimal sequence alignments of Sp185/333 genes and cDNAs require insertions of large artificial gaps that define a total of 25-27 recognizable blocks of sequence (depending on the alignment ) known as elements (Fig. 1) . Mosaic combinations of various elements plus as single nucleotide polymorphisms within the elements, small indels in the mRNAs, and several types of repeats, result in 51 element patterns that have been identified to date (Smith, 2012; Ghosh et al., 2010) . The Sp185/333 genes share element sequences, are all flanked by microsatellites, are tightly clustered, which may act in concert to promote genomic instability and sequence diversity of the family. Genetic diversity includes variations in gene copy number among individuals2 (Smith, 2012; Miller et al., 2010 ) and a wide range in gene sizes of 0.84 kb to 1.9 kb . Furthermore, putative editing of the mRNAs that encode non-synonymous amino acids, introduce early stop codons and/or small indels that cause frame shifts resulting in missense sequences and truncated proteins (Smith, 2012; Ghosh et al., 2010; Terwilliger et al., 2007; Buckley et al., 2008b) . Altered proteins that are the outcomes of RNA editing have been identified from the sea urchin coelomic fluid (CF) using proteomic methods (Dheilly et al., 2009) . The proteome that can be generated by this system of ∼50 genes can be up to 260 protein variants, which were identified in a single sea urchin (Dheilly et al., 2009) .
The deduced Sp185/333 proteins show a common structure composed of an N-terminal, hydrophobic leader, a glycine (gly)-rich region containing an arginine-glycine-aspartic acid (RGD) motif, a histidine (his)-rich region and a C-terminal region (Fig. 1) . Although the signal peptide suggests that the proteins are secreted, they are not detected in large quantities in the fluid phase of the CF. The Sp185/333 proteins are present within perinuclear vesicles of all types of the phagocyte class of coelomocytes as well as on the surface of small phagocytes (Ghosh et al., 2010; Dheilly et al., 2009 Dheilly et al., , 2011 Brockton et al., 2008; Majeske et al., 2014) . He185/333 proteins are also present in coelomocytes of the sea urchin, Heliocidaris erythrogramma, and are abundant in the trans Golgi network, on the internal membrane surfaces of vesicles and on the cell surface (Dheilly et al., 2011) . However, the membrane association is unexpected because the proteins lack any predicted transmembrane regions or conserved sequences for glycophosphatidylinositol linkages. We have speculated that the RGD motif in the Sp185/333 proteins may be the basis for an association with membranes of phagocytes through binding to cell surface integrins (Ruoslahti, 1996; Whittaker et al., 2006) , but this awaits confirmation.
Although there are no predictions of function for the Sp185/333 proteins based on the amino acid sequences, the diversity of the Sp185/333 gene sequences, expression in response to immune challenge (Nair et al., 2005; Terwilliger et al., 2007 Terwilliger et al., , 2006 and variation in protein characteristics following pathogen exposure (Dheilly et al., 2009; Sherman et al., 2015) lead to the hypothesis that Sp185/333 proteins have immunological functions. Accordingly, we have tested native Sp185/333 proteins (natSp185/333 isolated from wCF) and a recombinant Sp185/333 protein, rSp0032 (with an E1 element pattern; see Fig. 1 ) for their binding activities towards bacteria, fungi, PAMPs, insect and mammalian cells. We developed assays based on Western blot, ELISA and flow cytometry to assess binding properties against these targets. We report that most natSp185/333 proteins bind to Gram-negative and Gram-positive bacteria and often bound to sheep red blood cells (SRBCs) but rarely to Sf9 insect cells. rSp0032 is predicted to be intrinsically disordered yet binds specifically with strong affinity to both Vibrio diazotrophicus (Guerinot et al., 1982) and to Saccharomyces cerevisiae (hereafter referred to as yeast), although it fails to bind to Gram-positive Bacillus species. Furthermore, rSp0032 binds specifically with strong affinity to lipopolysaccharide (LPS) from Escherichia coli, ˇ-1,3-glucan from yeast, and flagellin from Salmonella typhimurium, but fails to bind peptidoglycan (PGN) from Bacillus subtilis. Finally, three discrete fragments of rSp0032 (Fig. 1) show altered bacterial binding compared to the full-length protein with overlapping binding to targets, and mediate multimerization of rSp0032. The optimization of recombinant Sp185/333 protein assays described herein will provide a platform for more targeted/physiological studies of recombinants of additional element patterns in the future. In sum, the results reported here infer that repertoires of natSp185/333 proteins produced by individual sea urchins may bind to a variety of targets including bacteria, fungi, and PAMPs. Similarly, the range of targets to which rSp0032 binds suggests that different natSp185/333 protein variants may have different structural flexibilities due to their predicted intrinsically disordered properties and that each may interact with different ranges of targets that are present in the marine habitat.
Materials and methods

Sea urchins
Adult purple sea urchins, S. purpuratus, were purchased from Marinus Scientific Inc. (Long Beach CA) or the Southern California Sea Urchin Co. Corona del Mar CA after collection from the coast of southern California and maintained in 100 gallon saltwater aquaria according to .
Preparation of bacteria and yeast
Bacteria used in the binding assays were V. diazotrophicus (American Type Culture Collection; #33466), Bacillus cereus, and B. subtilis (provided by D. Morris, George Washington University). Escherichia coli were One Shot ® TOP10 bacteria similar to DH10B TM strain (Invitrogen ThermoFisher, Waltham MA). Baker's yeast, S. cerevisiae (type II; Sigma-Aldrich, St Louis MO) was prepared as described . Methods for growth and processing bacteria and yeast for binding assays, and heat killing V. diazotrophicus for sea urchin injection were carried out according to (Sherman et al., 2015) 2.3. Cloning and expression of rSp0032 by E. coli
The region of Sp0032 cDNA (GenBank acc. no. DQ183168) that encoded the mature protein (omitting the leader; amino acids 22-307) was amplified with primers fGR32-KpnI and rHR32-PstI (Table S1 ). Fragments of the Sp0032 cDNA encoding most of the gly-rich region (amino acids 22-86) were amplified by PCR with primers fGR32-KpnI and rGR32-PstI, the C-gly region (amino acids 91-124) with primers fC-Gly32-KpnI and rC-Gly32-PstI, and the his-rich region (amino acids 124-307) with primers fHR32-KpnI and rHR32-PstI (Table S1 ). Amplicons were digested with KpnI and PstI and ligated into the pCOLDI expression vector (Lucigen Corp. Middleton WI) such that the 6-His-tag with factor Xa cleavage site (HHHHHHIEGGRHMELGT) was positioned at the N terminus of the recombinant proteins. Expression constructs were transfected into a chemically competent C43 (Lucigen Corp.) or BL-21 strains (New England Biolabs, Ipswich MA) of E. coli and selected with ampicillin (100 g/ml) and chloramphenicol (12.5 g/ml).
Purification of the rSp0032
Either C43 or BL-21 strains of E. coli harboring the rSp0032-pCOLDI plasmid, the rGR32-pCOLDI plasmid, the rC-Gly32-pCOLDI plasmid, or the rHR32-pCOLDI plasmid were cultured in LB broth with 100 g/ml ampicillin and 12.5 g/ml chloramphenicol at 37 • C with shaking to an OD 600 of 0.6-0.7. Cultures were chilled for 30 min to 15 • C, 1 mM IPTG was added to induce protein expression and the culture was incubated for 24 hr at 15 • C with continued shaking. Cells were pelleted, resuspended in buffer A (300 mM NaCl, 20 mM imidazole, 50 mM sodium phosphate buffer, pH 7.4), protease inhibitors were added (1x protease inhibitor cocktail (Invitrogen ThermoFisher), 10 mM benzamidine-HCl (ThermoFisher Scientific, Waltham MA), 1 mM PMSF (Sigma-Aldrich), 1% sarkosyl (Fisher Scientific)), followed by sonication (Sonic Dismembrator 705; Fisher Scientific, Waltham MA) on ice. The lysate was centrifuged (5000 g for 30 min) and the supernatant containing rSp0032 was loaded onto a nickel (Ni)-affinity column packed with His60 nickel resin (Clontech, Carlsbad CA). The column was washed with buffer A containing 100 mM imidazole and full-length or fragments of rSp0032 were eluted with buffer A containing 300 mM imidazole at 4 • C. Column fractions plus the flow through, washes, and elutions were collected and analyzed by Western blot to identify fractions containing rSp0032 (see below). Elution fractions containing rSp0032 were combined and dialyzed against PBS and concentrated with concentrators (20 kDa molecular weight cutoff, ThermoFisher Scientific Pierce, Waltham MA). Total protein concentration was determined by Micro-BCA protein assay (ThermoFisher Scientific Pierce) according to the manufacturer's instructions.
In silico analysis
The amino acid composition and features of the rSp0032 amino acid sequence were predicted by Protparam (http://http://web. expasy.org/protparam/). A protein hydropathy plot was made by EMBOSS Pepwindow (http://www.ebi.ac.uk/Tools/seqstats/ emboss pepwindow/). DissEMBL TM (http://dis.embl.de), DISO-PRED (http://bioinf.cs.ucl.ac.uk/disopred/) and DisMeta (http:// www-nmr.cabm.rutgers.edu/bioinformatics/disorder/) were used to predict potential protein folding (Huang et al., 2014) .
SDS-PAGE and Western blot
Sp185/333 proteins were analyzed by conventional 12% SDS-PAGE or Mini-PROTEAN ® TGX TM Gels (Bio-Rad Laboratories, Hercules CA). Two gels were run simultaneously and the first was stained with Coomassie brilliant blue R250 (ThermoFisher Scientific) or Bio-Safe Coomassie (Bio-Rad Laboratories) to visualize resolved bands. The second gel was used for Western blot following protocols according to (Sherman et al., 2015) .
Biotinylation of rSp0032 and fragments
rSp0032 and the recombinant fragments were biotinylated by incubation with EZ-link ® Sulfo-N-hydroxysuccinimide-Biotin (NHS-Biotin; ThermoFisher Scientific) following the manufacturer's instructions in which recombinant proteins were mixed with a 50 molar excess of 10 mM NHS-biotin for 2 hr on ice with intermittent mixing. Biotinylated rSp0032 and fragments were dialyzed against PBS overnight to remove excess reagent.
Binding assays with bacteria or yeast
Increasing amounts of biotinylated rSp0032 were mixed with 2.9 × 10 8 V. diazotrophicus or 1.48 × 10 4 yeast in 1 ml PBS for 30 min with gentle tumbling at 4 • C. Cells were pelleted, washed three times with cold PBS, and resuspended in cold PBS. Cells were mixed with 5 g/ml NeutrAvidin conjugated with fluorescein isothiocyanate (NeuFITC; ThermoFisher Scientific Pierce) for 30 min with gentle tumbling in the dark at 4 • C. NeuFITC mixed with bacteria and yeast without recombinant proteins served as background controls. Cells were washed three times with cold PBS, resuspended in 2 ml cold PBS, and evaluated by flow cytometry (see below).
Bacteria (E. coli, V. diazotrophicus, B. subtilis, B. cereus) were incubated with increasing concentrations of biotinylated rGly-rich or rHis-rich fragments, washed and post incubated with NeuFITC. FITC fluorescence was recorded at 528 nm with Synergy HT multi-mode microplate reader (BioTek, Winooski VT) with Gen5 Data Analysis software. Background levels, which were subtracted from corresponding results, were established with bacteria incubated with NeuFITC in the absence of biotinylated fragments.
Binding competition of rSp0032 to V. diazotrophicus and Yeast
Biotinylated rSp0032 (0.15 M with V. diazotrophicus or 1 M with yeast) was mixed with increasing concentrations of unlabeled rSp0032. Protein mixtures were incubated with 2.9 × 10 8 V. diazotrophicus or 1.48 × 10 4 yeast in 1 ml PBS for 30 min at 4 • C followed by three washes with PBS to remove unbound proteins. Bacteria or yeast with bound protein were post-incubated with NeuFITC, washed and analyzed by flow cytometry (see below).
2.10. Displacement of rSp0032 from V. diazotrophicus and Yeast V. diazotrophicus or yeast were pre-incubated with biotinylated rSp0032 (0.15 M for V. diazotrophicus or 1 M for yeast). Washed cells were incubated with increasing concentrations of unlabeled rSp0032, washed, and post-incubated with NeuFITC to evaluate displacement of the labeled recombinant. The protocol was reversed by incubating the cells with unlabeled rSp0032 followed by displacement with increasing concentrations of biotinylated rSp0032 followed by NeuFITC. Cells were evaluated by flow cytometry (see below).
Flow cytometry
FACScan or FACSCalibur DxP8 (BD Biosciences, San Jose CA) were used to detect FITC fluorescence for the binding, competition, and displacement assays. All flow cytometry analyses were carried out in triplicate on a FACScan for bacteria and on a FACSCalibur for yeast. Binding was detected using single color FITC detection with the 488 nm laser and 530 nm emission filter, and analyzed using FlowJo software (Tree Star Data analysis software). Bacteria and yeast were first gated with 50,000 events according to side scattered vs. forward scattered light and all FITC fluorescence events were recorded. Bacteria and yeast stained with NeuFITC without recombinant proteins were used as background controls, and were subtracted from the experimental data. Compensation was not employed in the protocol due to the use of a single fluorochrome. Binding results were displayed as numbers of fluorescence events. Data obtained from flow cytometry were analyzed using GraphPad Prism 6 with applicable mathematical models and equations and graph generation.
ELISA
LPS from E. coli (2 g/100 l PBS, #L4524 Sigma-Aldrich), PGN from B. subtilis (2 g/100 l PBS, #69554 Sigma-Aldrich), ␤-1,3-glucan from S. cerevisiae (2 g/100 l PBS, #G5011 Sigma-Aldrich), and flagellin from S. typhimurium strain 14028 (2 g/100 l PBS; Enzo Life Sciences #ALX-522-058) were added to wells (100 l) in a 96 well ELISA plate (#3599Corning Life Sciences, Durham NC) and bound by incubation at 37 • C overnight followed by drying at 60 • C. Bound LPS was quantified with a Pierce TM LAL Chromogenic Endotoxin kit (ThermoFisher Scientific) according to the manufacturer. Wells were blocked for 2 hr with 150 l of 4% BSA in PBS at room temperature (RT) with gentle agitation followed by three washes with PBS containing 0.5% Tween-20 (PBST). Increasing concentrations of rSp0032 in 100 l PBS were distributed into wells in triplicate and incubated for 2 hr at RT with gentle agitation followed by three washes of 150 l per well of PBST. Wells were postincubated with 100 l of anti-Sp185/333 antisera for 2 hr at RT with gentle agitation and processed as described (Majeske et al., 2013) . Absorbance was measured at 405 nm with Synergy HT multi-mode microplate reader with Gen5 Data Analysis software (BioTek). Data were graphed and analyzed with GraphPad Prism 6 software to calculate the dissociation constant (K d ) with a one-site specific binding model and non-linear regression Michaelis-Menten kinetic curve fit as
where A is the absorbance at 405 nm and [L] is the concentration of the rSp0032 protein.
Competition and displacement for PAMP binding by ELISA
LPS coated wells (in triplicates) in ELISA plates were blocked with 4% BSA in PBS as described above. For PAMP competition assays, 1 M rSp0032 plus increasing concentrations of different PAMPs (LPS, PGN, ␤,1-3,glucan or flagellin) were mixed and added to the wells in a total of 200 l and incubated at 4 • C for 2 h with gentle agitation. For PAMP displacement assays, 1 M rSp0032 was added to the wells coated with LPS and incubated at 4 • C for 2 h with gentle agitation. Unbound rSp0032 was removed with three washes of PBST followed by the addition of increasing concentrations of PAMPs (LPS, PGN, ␤,1-3,glucan or flagellin) to the wells with incubation for 2 h at 4 • C. Wells were washed three times with PBST, incubated with anti-Sp185/333 antisera according to the ELISA protocol described above. Data were transformed and shown as the percentage of fluorescence intensity (FI).
Protein identification by ESI-LTQ-MS/MS
Following protein separation by SDS-PAGE, gels were soaked according to (Sherman et al., 2015) to prepare peptides for mass spectrometry and protein identification by ESI-LTQ-MS/MS. Raw MS spectra were analyzed using Proteome Discoverer software (ThermoFisher Scientific) and searched against the NCBI protein database for S. purpuratus (downloaded June 2015 containing 38,417 entries) using parameters according to (Sherman et al., 2015) .
Results
NatSp185/333 proteins isolated from different sea urchins display different binding activity to target cells
The sequence diversity of the Sp185/333 genes and mRNAs, the increased gene expression in response to immune challenges, and the variation in protein diversity detected after pathogen exposure suggest that natSp185/333 proteins have important activities in the innate immune system of the purple sea urchin (Smith, 2012; Ghosh et al., 2010; Sherman et al., 2015) . To test this hypothesis natSp185/333 proteins were isolated from 18 different sea urchins and evaluated for binding to Gram-negative and Gram-positive bacteria, SRBCs and the insect cell line from Spodoptera frugiperda (Sf9) according to (Zhu et al., 2005) . The sea urchins employed in this analysis were all assumed to be immune activated by one of two means. First, 12 sea urchins were injected with heat-killed V. diazotrophicus and of those, two were also injected with LPS from E. coli. V. diazotrophicus, which was originally isolated from the gastrointestinal tract of a green sea urchin, Strongylocentrotus droebachiensis (Guerinot et al., 1982) , and injection of these heat-killed cells, in addition to other marine isolates induce expression of natSp185/333 proteins (Sherman et al., 2015) . Notably, most of the microbes isolated from S. purpuratus were Vibrios (Sherman et al., 2015) , which is in keeping with Vibrios being ubiquitous in aquatic systems (Guerinot et al., 1982; Thompson et al., 2004) . Second, six of the 18 sea urchins were not injected with V. diazotrophicus or LPS because they were assumed to be immune activated after being freshly collected and shipped across the US about two weeks prior to the analysis. Because sea urchins in the wild are in constant and direct contact with microbiota, they typically require six to 18 months in aquaria to down regulate their immune response (Gross et al., 1999) as evaluated by the expression of genes encoding complement homologues, the small lectin SpEchinoidin, and the Sp185/333 gene family (Terwilliger et al., 2007 (Terwilliger et al., , 2004 Clow et al., 2000) . Lysates of wCF from the sea urchins were incubated with bacteria, SRBCs or Sf9 insect cells and evaluated for bound natSp185/333 proteins by Western blot (results are summarized in Table S2 ). All 18 sea urchins expressed a broad size range of natSp185/333 proteins in the wCF lysates (e.g., 60 kDa, 80-250 kDa; not shown). Of the 12 sea urchins that were immune challenged, wCF lysates from 10 animals had natSp185/333 proteins that bound to V. diazotrophicus, compared to only two of six wCF lysates from unchallenged sea urchins (Table S2 ). All wCF samples with natSp185/333 proteins that bound to V. diazotrophicus also displayed binding to a marine isolate, Vibrio sp, and eight sea urchins showed binding to the other Gram-negative marine isolates; Idiomarina sp. and Shewanella sp. Of the 10 wCF lysates evaluated for binding to Gram-positive bacteria, five were from animals that were immune challenged and two were not. These wCF samples exhibited binding to Bacillus cereus, including the lysate from sea urchin 3, which did not show binding to V. diazotrophicus (Table S2 ). The subset of wCF samples with natSp185/333 proteins that bound to B. cereus also bound to B. subtilis. To determine whether natSp185/333 protein binding was specific to prokaryotes, eight of the wCF lysates were also tested for binding to SRBCs and Sf9 cells. wCF lysates from five of eight sea urchins showed natSp185/333 protein binding to SRBCs, whereas only one bound to Sf9 cells (Table S2) . Although sea urchin 18 expressed natSp185/333 proteins, no binding to targets was observed. Even though only some of the wCF lysates were tested for binding against all cell types, there was a trend suggesting that natSp185/333 proteins bound to a broad array of foreign cells. The results also demonstrated the diversity of binding capabilities of the natSp185/333 proteins isolated from different sea urchins.
Most recombinant sp185/333 proteins are toxic to E. coli except for rSp0032
Although natSp185/333 proteins from wCF lysates bound a range of foreign cells, these results raised two problems with regard to further analysis. First, it was not feasible to evaluate functions of individual Sp185/333 proteins because sea urchins always express multiple variants. Second, wCF contains a variety of proteins such as opsonins and antimicrobial peptides (Li et al., 2015) that may complicate wCF binding assays. Consequently, we employed a bacterial protein expression system to generate and analyze and functions of recombinant Sp185/333 proteins. Six cDNAs were selected encoding proteins with different element patterns, however, only four constructs resulted in colonies after bacterial transformation. The full-length proteins expressed from constructs of pQE-30UA-Sp0164 (C1 element pattern, see Fig. 1 ), pQE-30UA-Sp0313 (A1 element pattern) and pET-Sp0126 (01 element pattern) were highly toxic to E. coli, resulting in no growth of bacterial cultures (Fig. S1A) . In contrast, induction of pQE-30UA-Sp0032 (E1 element pattern) in E. coli showed growth curves that were similar to uninduced cultures, albeit exhibiting slower growth. The rGly-rich and rHis-rich fragments of rSp0313 and rSp0126 were also tested to determine their effects on bacterial growth and had little effect on E. coli growth (Fig. S1B) . These results indicated that most full-length rSp185/333 proteins were highly toxic to bacteria and that when the gly-rich and his-rich regions were separated, they became much less toxic compared to the full-length Sp185/333 proteins. Because the pQE-30UA-Sp0032 construct could be expressed and isolated from cultures of E. coli, this recombinant isoform, rSp0032, was the first Sp185/333 protein to be employed in a functional analysis.
RSp0032 is predicted to be hydrophilic and intrinsically disordered
To enable predictions of protein function, in silico analysis of the rSp0032 putative protein sequence indicated that it was rich in glycine, arginine, proline, histidine, glutamic acid, and aspartic acid, but contained no cysteines (Table S3 ). The composition was biased towards charged and polar amino acids in addition to glycine and proline that have structure-breaking characteristics. There were very few tryptophans and tyrosines, which are required for accurate measurements at 280 nm to determine rSp0032 concentration. Consequently, the Scopes method (Scopes, 1974 ) was used to quantify protein concentration by monitoring the absorbance at 205 nm, which measures the peptide bonds between the amino acids. The instability index gave a readout of 64 that classified rSp0032 as unstable (Guruprasad et al., 1990) and may indicate that either there is a binding partner that establishes stability, that the proteins dimerize to increase stability, or that rSp0032 is inherently unstable with a short half-life.
Hydropathy evaluation (Kyte and Doolittle, 1982) , which is an important aspect of protein folding predictions, showed that approximately half of the amino acids in rSp0032 were hydrophilic (Tables S3 and S2) and that the mature protein was generally hydrophilic ( Fig. 2A) . Secondary structure prediction indicated that rSp0032 was entirely composed of extended loops without ␣ helices or ␤ strands and was generally unfolded or disordered (Fig. 2B) (Huang et al., 2014) . Accessible surface area or solvent accessibility composition (core/surface ratio) suggested that 91% of the amino acids in rSp0032 (minus the leader) were exposed in most solvents. The lack of a predicable folded structure for rSp0032 suggested that it may be a highly flexible and intrinsically disordered protein (IDP).
rSp0032 binds to V. diazotrophicus and yeast in vitro
The immunological activities of rSp0032 were investigated by determining whether it could bind to microbes as demonstrated for natSp185/333 proteins (see Table S2 ). When rSp0032 was incubated with bacteria (V. diazotrophicus, B. subtilis, B. cereus) or yeast, Western blot results showed that rSp0032 bound to both V. diazotrophicus and yeast, but not to either Bacillus species (Fig. 3A) . . The consensus analysis of the primary Sp0032 amino acid sequence generated by the DisMeta server (see Section 2) indicates that the protein is likely disordered and that the leader is ␣ helical. Scores of >4 (hits) of the 8 predictor programs indicates the confidence level for disorder for the mature protein. The x-axis for both A and B correlate with the rSp0032 amino acid positions and general structure that are illustrated at the bottom. Fig. 3 . rSp0032 binds specifically to Vibrio diazotrophicus and yeast whereas binding by the recombinant fragments is altered. (A) Western blot shows that rSp0032 binds to V. diazotrophicus and yeast. The molecular weight of rSp0032 is ∼37 kDa, which shifts to larger sizes upon binding to V. diazotrophicus and yeast. Three anti-Sp185/333 antibodies were employed to detect rSp0032 (see Fig. 1 ) and the specificity of the antisera is illustrated by omitting rSp0032 from the four left lanes. (B) Biosafe Coomassie stained SDS-PAGE gel of rSp0032 after incubation with yeast and V. diazotrophicus. The 60 kDa and 80 kDa Sp185/333 + bands on the Western blot were used to identify the regions in the Coomassie stained gel that include rSp0032 proteins, which are indicated by Roman numerals [I] and [II] . MS/MS results of gel slices [I] and [II] recover Vibrio flagellin in the 60 kDa gel slice that correlates in size with the Sp185/333-positive bands on the Western blot (Table S2) . Coomassie does not stain low quantities of Sp185/333 proteins (Sherman et al., 2015) . The bands on a Coomassie stained gel lanes show all proteins from mixtures of yeast plus rSp0032 and V. diazotrophicus plus rSp0032, which do not correlate with Sp185/333 + bands on the Western blot. C-E. Recombinant fragments of rSp0032 are identified by Western blot with a mixture of anti-Sp185/333 antibodies (1:15,000 dilution). (C) Western blot shows that the rGly-rich fragment (∼10 kDa) binds to bacteria and yeast. (D) Western blot shows deregulated binding of rHis-rich fragment (∼22 kDa) to bacteria and yeast plus a degradation band of rHis-rich fragment (∼15 kDa). (E) The rC-Gly fragment that includes the RGD motif ([∼5 kDa) shows sizes much larger than expected, likely due to multimerization. The lanes for various bacteria samples in the absence of the recombinant fragments shows that the anti-Sp185/333 sera are specific for detecting Sp185/333 proteins and do not cross react with the target cells. Standards are shown to the right of each blot in kDa. A Western blot to evaluate antibody cross reactivity and background levels employed the three pre-bleed rabbit sera that corresponded to the three anti-Sp185/333 sera (see Supplemental Fig. S3 in (Brockton et al., 2008) ).
The predicted and observed size of the rSp0032 protein monomer was ∼37 kDa, but a weak band at ∼60 kDa and a strong band at ∼80 kDa were observed upon binding to V. diazotrophicus. Similarly, a strong band at ∼50 kDa and a weak band at ∼60 kDa were observed when rSp0032 bound to yeast. These size changes suggested that rSp0032 either (i) dimerized or multimerized in the presence of V. diazotrophicus and yeast, which has been observed for natSp185/333 proteins (Dheilly et al., 2009; Brockton et al., 2008; Sherman et al., 2015) or (ii) that it bound to V. diazotrophicus and yeast proteins and was not dissociated by SDS-PAGE treatment resulting in the apparent shift in protein size, or (iii) a combination of both.
rSp0032 included an N-terminal 6-His-tag plus a Factor Xa cleavage site for the purposes of isolation by Ni-affinity. To determine whether these histidines near the gly-rich region interfered or altered the binding activity of rSp0032 to bacteria and yeast, the tag was removed with the Factor Xa protease (Fig. S2A) . Following removal of the protease and the 6-His-tag (Fig. S2B, C) , the cleavedrSp0032 was further purified by immuno-affinity column using anti-Sp185/333 antibodies (Fig. S2D ) because both the 6-His-tag and the cleaved-rSp0032 bound to the Ni-affinity column. Binding assays were repeated with the purified cleaved-rSp0032 against the same set of bacteria and yeast and showed similar binding and multimerization patterns as observed for the uncleaved rSp0032 (Fig.  S2E ). This suggested that the 6-His-tag and Xa site at the N-terminus of rSp0032 did not alter the binding function of the recombinant protein.
Preliminary results indicated that natSp185/333 proteins appeared to bind irreversibly to bacteria, because the majority of proteins isolated from the wCF failed to dissociate from bacteria upon exposure to extreme changes in pH including 0.1 M citric acid (pH 2.0) or 0.15 M triethylamine (pH 11) according to (Zhu et al., 2005 ) (data not shown). Consequently, changes in apparent size of rSp0032 after mixing with microbes (Fig. 3A ) may have been due to tight binding to microbial components. To test this, V. diazotrophicus that had been incubated with rSp0032 were processed for SDS-PAGE and gel slices were evaluated by tandem mass spectroscopy (MS/MS). Because Coomassie does not stain low concentrations of Sp185/333 proteins (Dheilly et al., 2009; Sherman et al., 2015) , two regions of the Coomassie stained gel that correlated in size with the location of Sp185/333-positive bands on the Western blot were excised for MS/MS analysis (Fig. 3B) . Amino acid sequences matching exactly to rSp0032 were identified from gel fragments that corresponded to 37 kDa on the Western blot ( Fig. 3B ; Table 1 ). In addition, amino acid sequences matching Vibrio flagellin were identified from the 60 kDa band, which also included rSp0032 sequences (Fig. 3B, band [I] ; Table 1 ). Although flagellin is estimated to be ∼40-45 kDa (Xicohtencarl-Cortez et al., 2006) and rSp0032 is 37 kDa, the band from which both were identified was about 60 kDa, which was larger than expected for either, but not equal to the addition of both together. The 80 kDa band only identified matches to rSp0032, indicating dimerization rather than binding to target molecules (Fig. 3B, band [II] ; Table 1 ). These results suggested that rSp0032 may associate tightly with flagellin, and that this binding was resistant to dissociation by standard processing prior to evaluation by reducing gel.
rSp0032 fragments show altered binding to bacteria and yeast
We speculated that the gly-rich and his-rich regions of the natSp185/333 proteins may have different functions, particularly because many mRNAs appear to be edited to encode truncated proteins that delete the his-rich region (Terwilliger et al., 2007; Buckley et al., 2008b; Sherman et al., 2015) . To determine whether the three regions within rSp0032 function directly in pathogen binding, they were expressed separately as recombinant fragments and isolated by nickel affinity. The rGly-rich and rHis-rich fragments appeared as monomers of the expected size of 10 kDa and 22 kDa, respectively (Fig. 3C, D) , although the rHis-rich fragment showed partial degradation from 22 kDa to 15 kDa, suggesting that it was unstable even in the presence of protease inhibitors. The rC-Gly fragment appeared as multimers of 25 kDa and 60 kDa rather than the expected 5 kDa monomer (Fig. 3E) . It could not be dissociated to monomers by additional sonication, treatments with higher concentrations of detergents (up to 2% CHAPS, sarkosyl, or Triton-X 100), combinations of all detergents, or 7 M urea suggesting that it may mediate dimerization and multimerization of rSp0032. When the recombinant fragments were mixed with bacteria or yeast, the rGly-rich and rHis-rich fragments bound to all bacteria (including the Bacillus species) and to yeast without multimerization (Fig. 3C  and D) . The band for the rGly-rich fragment was more intense when bound to V. diazotrophicus and B. subtilis than when bound to B. cereus and yeast (Fig. 3C) , whereas the rHis-rich fragment showed greater band intensities when bound to V. diazotrophicus and yeast compared to the intensities when bound to either of the Bacillus species (Fig. 3D) . These results suggested that both the rGly-rich and rHis-rich fragments were capable of binding to foreign cells, perhaps with variable binding affinity or avidity towards individual species and/or that they bound to different target sites. Binding of the rGly-rich and rHis-rich fragments to the Bacillus species suggested that the specificity appeared to have been altered relative to the full-length rSp0032 that did not bind to either of these species (Fig. 3A) . The rC-Gly fragment, which multimerized upon isolation, maintained its multimerization state when mixed with target cells (Fig. 3E) . Although the rC-Gly fragment may bind to foreign cells, it may also function in multimerization of the full-length protein.
Together these results indicated that the three regions of rSp0032 may have different functions, and may act together to initiate specific binding and multimerization events.
3.6. rSp0032 shows saturable binding to V. diazotrophicus and yeast Although rSp0032 bound tightly to V. diazotrophicus and yeast (Fig. 3A) , initial results did not address whether specific sites on the cells were targeted. To determine whether rSp0032 bound to bacteria and yeast in a saturable manner, a fixed number of bacteria or yeast were mixed with increasing concentrations of biotinylated rSp0032, labeled with NeuFITC (rSp0032-FITC), and evaluated by flow cytometry. rSp0032-FITC demonstrated linear, saturable binding to V. diazotrophicus that plateaued at 0.15 M, whereas no measurable fluorescence was detected for the Bacillus species indicating no binding (Figs. 4 A, S3 ). These data were in agreement with those demonstrated by Western blot (Fig. 3A) and inferred a limited number of specific binding sites on the surface of V. diazotrophicus. The binding curve fit well to a single site total binding model and indicated very strong binding between rSp0032 and V. diazotrophicus (Table 2) , which was in agreement with preliminary results demonstrating that once bound, rSp0032 could not be eluted by extreme changes in pH (2 to 10) (data not shown).
Compared to the V. diazotrophicus, the kinetics for rSp0032-FITC binding to yeast were non-linear and did not fit a sigmoidal or Michaelis-Menten model. Inspection of the binding curve suggested two separate binding characteristics, and thus the data were divided into two concentrations of rSp0032-FITC (Figs. 4B, S3 ). The first curve (0 to 0.4 M rSp0032) fit well to the single site total binding model that suggested very strong binding to yeast ( Table 2 ). The second curve (0.4 to 1.5 M rSp0032-FITC) was fitted to the same model and showed a moderately strong affinity (Table 2 ) with a saturable binding plateau at ∼1 M (Fig. 4B) . Although the number of V. diazotrophicus cells (2.9 × 10 8 ) and yeast cells (1.48 × 10 4 ) Fig. 4B ). e n/a, calculations not applicable.
were calculated for comparable equivalent surface area, the differences in the amount of rSp0032 required to reach saturation was quite different (Table 2) suggesting that rSp0032 likely targeted different sites on these two cell types and/or that there were fewer binding sites per equivalent surface area on V. diazotrophicus. This was in agreement with estimates of binding sites based on the saturable protein concentration relative to the numbers of target cells ( Table 2 ) that suggested 3.12 × 10 5 binding sites per Vibrio cell and 1.38 × 10 10 sites for the initial binding phase per yeast cell and about 2.8 times more sites for the secondary binding phase for yeast (see Fig. 4A and B). It may be that the initial binding of rSp0032 to yeast may promote allosterically induced changes in protein conformation and binding characteristics leading to a second binding phase, thus explaining the two different dissociation constants for yeast binding affinities.
Once bound, rSp0032 cannot be displaced from V. diazotrophicus or yeast
Given that rSp0032 binding to V. diazotrophicus and yeast was saturable, we questioned whether rSp0032 binding was reversible; could rSp0032-FITC be displaced from a target cell once it was bound by incubation with unlabeled rSp0032, and vice versa. V. diazotrophicus and yeast were fully saturated with rSp0032-FITC, which was set to 100% FI, and washed cells were post-incubated with increasing concentrations of unlabeled rSp0032. Results showed that the FI remained constant suggesting that the displacement of rSp0032-FITC from bacteria and yeast surfaces with unlabeled rSp0032 could not be measured (Fig. 4C and D) , which corroborated the strong saturable binding curves ( Fig. 4A and  B) . The experiment was reversed by saturating the target cells with unlabeled rSp0032 followed by post-incubation with increas- Table 2 for the details for the quality of curve fitting, dissociation constants, and descriptions of binding affinity for data shown in A, B, E and F.
ing concentrations of rSp0032-FITC and the inverse results were obtained. The FI remained low and slight increases in binding were not statistically significant (Fig. 4C and D) . Overall, the outcomes suggested that rSp0032 bound tightly to target cells and could not be displaced.
Binding competition demonstrates specific sites on V. diazotrophicus and yeast
Given that saturation binding of rSp0032 to V. diazotrophicus and yeast inferred specific binding sites, we employed binding competition with mixtures of rSp0032-FITC plus increasing amounts of unlabeled rSp0032 as an alternative approach to evaluate binding specificity. The maximum level of FI measured for rSp0032-FITC bound to V. diazotrophicus or yeast in the absence of unlabeled competitor was set to 100% based on the known saturable binding to these cells (see Fig. 5A and B) . Increasing amounts of unlabeled rSp0032 competitor decreased FI indicating binding of rSp0032-FITC to V. diazotrophicus (Fig. 4E) . This indicated that rSp0032 proteins were competing for the same binding sites on V. diazotrophicus (Fig. 4E) . The rSp0032 binding specificity on yeast was evaluated similarly and showed that the FI of yeast decreased with increasing concentrations of unlabeled rSp0032 (Fig. 4F) . It was noteworthy that the decrease in FI on yeast showed two competition events illustrated by two curves; one for ≤0.4 M of unlabeled competitor and the second for >0.4 M. These curves correlated exactly with results for saturation binding with two phases of binding or two types of binding sites with different binding coefficients (Fig. 3B) . These results demonstrated that not only did rSp0032 bind to V. diazotrophicus and yeast with saturable kinetics, but that the binding sites on the cell surfaces were specific.
The rGly-rich fragment has strong affinity for gram-negative bacteria
To determine which of the rSp0032 fragments were responsible for the saturable and specific binding to bacteria, the biotinylated rGly-rich fragment (rGly-FITC) or biotinylated rHis-rich fragment (rHis-FITC) were mixed with several bacterial species, labeled Neu-FITC, and assayed for binding with a plate reader. rGly-FITC showed the highest affinity for V. diazotrophicus followed by moderately strong affinity for E. coli (Fig. 5A, Table 2 ). Affinity for the two Bacillus species was weak with poor curve fitting ( Table 2 ). In contrast, rHis-FITC mixed with the same bacteria yielded very low fluorescence intensities that were similar to background (Table 2) and may have been due to the instability and degradation of this fragment (see Fig. 3D ) that confounded the quantitative binding analysis (results not shown). Collectively, these results indicated that the gly-rich region of Sp0032 bound well to V. diazotrophicus and E. coli, in the absence of the C-gly and his-rich regions. The very weak binding characteristics for the rGly-rich and rHis-rich fragments against Bacillus were surprising, given the strong binding signals observed by Western Blot (Fig. 3) , however, this may have been due to the relative sensitivities of these two approaches. In general, the decreased binding affinity of the rGly-rich and rHis-rich fragments to Bacillus was similar to binding for the full-length rSp0032 protein and suggested that specificity and high affinity may result from interactions between these regions.
rGly-rich and rHis-rich fragments have different characteristics for binding to yeast
To address the binding characteristics of the rGly-rich and rHisrich fragments in more detail, they were evaluated for binding to yeast by flow cytometry. As the concentration of rGly-FITC increased, the fluorescence events plateaued at 1.1 M, whereas rHis-FITC plateaued at 0.59 M (Fig. 5B and C) . The moderately strong binding affinity of rGly-FITC and rHis-FITC to yeast were within the same order of magnitude but showed different saturation characteristics and had lower affinity that the full-length rSp0032 (Table 2) . Thus the two fragments showed different binding characteristics towards yeast, suggesting either different activities for the two fragments that, when separated, either functioned less effectively in binding yeast, or the rGly-rich fragment may have bound to more sites than the rHis-rich fragment.
To determine whether the yeast binding sites for the rGly-rich and rHis-rich fragments were the same, different, or perhaps overlapping, competition between each of these two fragments and the full-length rSp0032 was carried out using yeast as the binding target. A saturation concentration of rGly-FITC for yeast (see Fig. 5B ) was mixed with increasing concentrations of unlabeled rHis-rich fragment and incubated with yeast. rGly-rich binding in the absence of unlabeled competitor was set to 100% FI. As increasing concentrations of unlabeled rHis-rich fragment were added, the FI decreased significantly to 60% (Fig. 5D) . When the experiment was reversed and rHis-FITC was evaluated for binding in competition with unlabeled rGly-rich fragment, a similar significant decrease to 60% FI was observed (Fig. 5E) . These results suggested that these two regions had distinct but overlapping binding sites.
3.11. rSp0032 fully competes with the rHis-rich fragment and partially competes with the rGly-rich fragment for binding to yeast
Because the rGly-rich and rHis-rich fragments did not fully compete with each other for binding to yeast ( Fig. 5D and E) and showed binding to the Bacillus species (Fig. 4A) , we questioned whether the full-length rSp0032 protein and the rGly-rich or rHis-rich fragments targeted the same binding sites or whether separation of the fragments altered and/or expanded their binding capabilities. Accordingly, the biotinylated rGly-rich or rHis-rich fragments were mixed with increasing concentrations of unlabeled rSp0032, incubated with yeast and post incubated with Neu-FITC. Binding of the labeled fragments to the yeast was evaluated by flow cytometry, and saturable binding concentrations of either rGly-FITC or rHis-FITC (Table 2) in the absence of unlabeled rSp0032 were set to 100% FI (Fig. 5F ). Unlabeled rSp0032 showed maximal competition with both rGly-FITC and rHis-FITC at about 0.27 M (Fig. 5F ) in which the FI of rGly-FITC decreased to 60% FI in the presence of rSp0032. This indicated that these two fragments may bind to the same sites, but that the rGly-rich fragment bound to sites to which rSp0032 did not. This outcome may be another example of the changes imparted by separating the gly-rich region from the rest of the protein, as inferred from results shown in Figs. 3C and 5B, and C. On the other hand, the FI for rHis-FITC decreased to un-detectable in the presence of rSp0032 (Fig. 5F ), which suggested that there was no change to the binding specificities of the rHis-rich fragment relative to the full-length protein. These results indicated that the two regions of rSp0032 likely interact in binding to specific sites on yeast.
rSp0032 binds to ˇ-1,3-glucan, LPS and flagellin, but not to PGN
The specific and high affinity binding of rSp0032 to V. diazotrophicus and yeast ( Figs. 3A and 4 ; Table 2) in addition to identifying flagellin in association with rSp0032 by MS/MS ( Fig. 3B; Table 1 ) suggested that PAMPs might be the binding targets. Consequently, LPS, ␤-1,3-glucan, PGN, and flagellin were evaluated as binding targets for rSp0032 by ELISA. rSp0032 demonstrated saturable binding to LPS with high affinity, and slightly lower affinity was identified for ␤-1,3-glucan and flagellin although saturable binding was not achieved (Fig. 6A; Table 2 ). On the other hand, rSp0032 did not show detectable binding to PGN. Because it was unusual for a single protein to bind to very different PAMPs composed of different sugars plus a non-glycosylated protein, competitive ELISA was used to evaluate rSp0032 binding specificities to the PAMPs. A fixed concentration of rSp0032 was mixed with increasing amounts of each PAMP and then distributed into wells of a plate that had a fixed amount of anchored LPS. As expected, preincubation with Table 2 for the details of the quality of curve fitting, dissociation constants, and descriptions of binding affinity for all data shown. Asterisks and dotted lines indicate significance of statistical comparisons between the before and after addition of unlabeled proteins, *p < 0.05.
LPS reduced rSp0032 binding to LPS in the wells, however preincubation with flagellin and ␤-1,3-gluan also reduced rSp0032 binding to LPS (Fig. 6B ). This result was not observed after preincubation with PGN, in agreement with our other PGN binding results (see Fig. 6A ). Furthermore, when rSp0032 was pre-bound to LPS-coated wells, the addition of increasing amounts of LPS, ␤-1,3-glucan, flagellin or PGN did not reduce or displace the amount of rSp0032 bound to the wells (Fig. 6C ). This result illustrated that once bound to LPS, rSp0032 could not be displaced by other PAMPs, supporting our findings using whole microbes (see Fig. 4C and D) .
Together, these results suggested that rSp0032 was capable of binding specifically to LPS, ␤-1,3-glucan and flagellin but not to PGN.
Discussion
Sp185/333 gene expression is strongly upregulated in sea urchin coelomocytes in response to microbial or PAMP challenge (Nair et al., 2005; Rast et al., 2000; Terwilliger et al., 2007) , which results in the production of highly diverse arrays of Sp185/333 proteins (Dheilly et al., 2009; Sherman et al., 2015) . This has led to spec- Table 2 ulations that the Sp185/333 proteins have anti-pathogen activity (Smith, 2012 ). This hypothesis was tested using bacteria, yeast and PAMPs as proxies for sea urchin pathogens because very few echinoid pathogens have been identified and verified (Bauer and Young, 2000) . We show here that the natSp185/333 proteins expressed by individual sea urchins have different binding capacities towards distinct foreign cells, which is noteworthy given the vast differences in the arrays of these proteins among individual animals (Sherman et al., 2015) . The recombinant Sp185/333 protein, rSp0032 was expressed at lowered temperatures and isolated from an E. coli strain that is resistant to toxic proteins. rSp0032 exhibits specific and very tight binding towards Gram-negative bacteria and yeast, and shows similar binding to LPS, ␤-1,3-glucan and flagellin, but fails to bind to Gram-positive bacteria and PGN. rSp0032 shows binding specificity, whereas the rGly-rich and rHis-rich fragments show altered or expanded binding characteristics to the same targets. Although the rC-Gly fragment binds microbes, it appears to be entirely responsible for rSp0032 multimerization and may have similar functions across all versions of the natSp185/333 proteins. Our rSp0032 binding studies provide the first evidence that each natSp185/333 protein version with variations in the amino acid sequence may be capable of specific recognition of a range of microbes and PAMPs.
It is noteworthy that although the rSp0032 does not represent the most common element pattern of the natSp185/333 isoforms (identified in 2.5% of 608 cDNA sequences ), the protocols optimized herein will be the basis for future investigations to evaluate other versions of rSp185/333 proteins isolated from alternative expression systems. Comparison to the results reported here for rSp0032 will address questions of varying ranges of binding targets and whether post-translational modifications such as glycosylation, predicted from conserved N-linked and Olinked glycosylation sites , are involved in protein function and/or stability. The multitasking activities of rSp0032 are novel and may indicate that the array of natSp185/333 proteins that are expressed in vivo may have overlapping activities, and that these immune effector proteins may provide a very effective anti-pathogen response in sea urchins.
rSp0032 binds to multiple PAMPs
Tight and specific binding of rSp0032 to LPS, ␤-1,3-glucan, and Salmonella flagellin in addition to the recovery of Vibrio flagellin associated with rSp0032 by MS/MS, suggests multitasking binding activities. This leads to the question of whether there are molecular or structural similarities between LPS and ␤-1,3-glucan that are not shared with PGN to which rSp0032 does not bind. An inspection of the PAMP structures reveals potential structural commonalities between LPS and ␤-1,3-glucan that includes the type of glycosidic linkages between the sugars (Fig. 7) . The lipid A moiety of LPS has a ␤-1,6-d-glucosamine disaccharide with six or seven acylated lipid chains (Raetz and Whitfield, 2002) . Similarly, ␤-1,3-glucan from yeast is composed of glucose subunits primarily linked by ␤-1,3 and ␤-1,6 glycosidic bonds (Kim et al., 2011) . On the other hand, PGN is composed of alternating N-acetyl glucosamine (GlcNAC) and Nacetyl muramic acid (MurNAC) that are linked by ␤-1,4-glycosidic bonds and cross-linked by short stem peptide side chains (Fig. 7A ) (Vollmer et al., 2008) . The structural differences in these PAMPs, based on the major type of glycosidic linkages that are present, may be one possible basis for rSp0032 binding specificity towards certain PAMPs. Another possibility is that rSp0032 may bind to LPS and ␤-1,3-glucan based on electrostatic interactions with modifications to the sugars in these PAMPs. Anionic phosphates on the glucosamine disaccharide in lipid A and the typically phosphorylated polysaccharide core of LPS (Fig. 7B ) may form charge-based interactions or hydrogen bonds with the charged histidines in rSp0032. This may be an initiation step that occurs prior to binding with strong affinity to Gram-negative bacteria. Besides the phosphates, the hydroxyl groups on the sugar components of LPS and ␤-1,3-glucan may also participate in ionic bond formation with the histidines in rSp0032. However, hydroxyl groups are also present on GlcNAC and MurNAC of PGN (Fig. 7C) suggesting that other factors, such as the number or accessibility of hydroxyl groups may contribute to the binding specificity besides electrostatic interactions.
Although rSp0032 appears to function with lectin-like activity for binding to sugar-based structures, it also binds to a nonglycosylated flagellin from S. typhimurium and to flagellin from V. diazotrophicus. Flagellins are composed of highly conserved N and C regions (domains D0 and D1) that are positioned within the filament core of the flagellum, whereas the middle hypervariable region (domains D2 and D3) are exposed on the surface of the flagellum (Fig. 7D) (Hayakawa and Ishizuka, 2012 ). An alignment of flagellins from different bacterial species to which rSp0032 binds (S. typhimurium and V. diazotrophicus) and does not bind (B. subtilis) shows that the basis of this binding difference may be domain D2 that is mostly missing from B. subtilis flagellin (Fig. 7E) . However, this analysis is speculative and the mechanism as to how binding between rSp0032 and flagellin may occur remains unknown. In general, rSp0032 may initiate binding to PAMPs through non-covalent forces such as electrostatic and hydrogen bond interactions.
As an IDP, rSp0032 may function through conformational plasticity
The notion that rSp0032 binds to targets through non-covalent interactions based on charge differences does not fit with strong and specific binding to microbes and PAMPs. Consequently, a second phase of binding may include conformational plasticity that occurs after the putative, initial charge-based interactions with the binding targets. The predicted IDP characteristics of rSp0032 suggest conformational flexibility for binding to a variety of targets. In general, flexibility may allow IDPs and proteins with intrinsically disordered regions (IDRs) to conform to their binding targets, thereby broadening the types of targets with which they interact without reducing binding affinity or specificity. IDPs often have multiple binding partners or targets, may be involved in many functions, and are thought to undergo a transition from disorder to order upon binding a target (Uversky, 2013) . This structural transition for an IDP may provide a wide spectrum of functional advantages over folded or structured proteins. A well understood example of a protein with an IDR is p53, which engages in interactions with many partners and functions in cellular activities such as cell differentiation, apoptosis induction, cell cycle arrest, DNA repair, and response to cellular stress through binding to as many as 20 different proteins (Uversky, 2010) . p53 multitasking provides efficient and highly functional means to integrate multiple signaling networks in the cell. Immunologically relevant examples of IDPs are small, cationic antimicrobial cecropins that display broad antibac-terial activity (Sato and Feix, 2006) . When intrinsically disordered, cecropins are not immunologically dangerous to the host. However, upon contact with microbial membranes, they transform into two short amphipathic ␣ helices linked by a short hinge (Silvestro et al., 2000) , associate with the negatively charged microbial membrane surface, form aggregates or a "carpet" that inserts into the hydrophobic region of the membrane to produce partially selective ion channels. The target membrane becomes permeabilized causing leakage of cell contents that kills the microbe (Silvestro et al., 2000) .
Despite the differences in size and sequences among p53, cecropins, and rSp0032, these IDPs show a common function of binding to a wide range of targets, suggesting that rSp0032 may also display properties of flexible binding. Consequently, we speculate that the second phase of rSp0032 binding to targets may involve a structural change in conformation of from intrinsic disorder to order. This may be a transition from putative initial electrostatic interactions to tight binding of either protein-carbohydrate or protein-protein interactions, and may be the basis for how rSp0032 binds with such strong affinity to PAMPs with very different structures.
Only full-length rSp0032 shows specific binding
Full-length rSp0032 shows specific binding to Gram-negative V. diazotrophicus, which is not observed for either the rHis-rich or rGly-rich fragments that also bind to Gram-positive Bacillus spp. Expanded binding characteristics of the rGly-rich fragment is demonstrated by only partial binding competition with the fulllength protein. Conversely, the full-length rSp0032 fully competes with the rHis-rich fragment and exhibits very similar binding activity towards yeast. These results suggest a putative interaction between the gly-rich and his-rich regions in the full-length protein, which may act to enhance or establish binding specificity. Many of the natSp185/333 proteins with an E2 element pattern (see Fig. 1 ) are truncated by RNA editing (Buckley et al., 2008b) that deletes the his-rich region (Terwilliger et al., 2007) . The abundance of truncated, E2 type Sp185/333 isoforms prior to immune challenge (Terwilliger et al., 2007; Sherman et al., 2015) , in addition to the evidence that the rGly-rich fragment has broadened binding activity, suggest that these truncated proteins may have general surveillance functions and possible preliminary immune protection against an expanded array of pathogens compared to full-length proteins.
The rC-Gly fragment is only observed in high molecular weight sizes suggesting that this region may be responsible for natSp185/333 protein multimerization. This concurs with the lack of multimerization for the rGly-rich and rHis-rich fragments, which do not include the rC-Gly fragment. Initial analyses of recombinant Sp185/333 proteins and evaluation of natSp185/333 proteins from individual sea urchins indicate that most of the isoforms are present at molecular weights greater than predicted for the largest monomer of 54 kDa (Terwilliger et al., 2007 and most are larger than 80 kDa (Dheilly et al., 2009; Brockton et al., 2008; Sherman et al., 2015) . This holds true for the homologous He185/333 proteins produced by the sea urchin, H. erythrogramma (Roth et al., 2014 ). These results demonstrate that the C-gly region is responsible for Sp185/333 protein multimerization.
Conclusion
We propose that the majority of the truncated, gly-rich natSp185/333 proteins produced by sea urchins prior to immune challenge (Sherman et al., 2015) have broad binding activity towards pathogens. After immune challenge, the increase in full-length natSp185/333 protein variants likely act with more specificity, but each perhaps with multitasking binding to multiple targets. We conclude that the increased specificity of pathogen recognition by the full-length proteins is an outcome of the interactions between the gly-rich and his-rich regions. Moreover, the C-gly region appears to be responsible for Sp185/333 protein multimerization. We further speculate that for rSp0032, and perhaps for all natSp185/333 proteins, there may be a binding mechanism that is a two-step process with initial electrostatic interactions followed by conformational changes in the protein that results in binding with very strong affinity.
Purple sea urchins have a life span of about 50 years (Sodergren et al., 2006; Ebert, 1967) with only innate immunity for defense against the wide range of pathogens in the marine environment. Annotation of the sea urchin genome illustrated the complexity of the innate immune system in this species Rast et al., 2006; Sodergren et al., 2006) ; however, the variability noted in the Sp185/333 protein arrays among individual sea urchins (Dheilly et al., 2009; Sherman et al., 2015) suggests several levels of diversity (Smith, 2012) . The multitasking binding abilities of rSp0032 infer the effectiveness of the natSp185/333 protein family and the level of host immune protection that this system generates. Given that single sea urchins are capable of expressing up to 260 Sp185/333 protein variants (Dheilly et al., 2009 ) and if each variant has a range of distinct but overlapping binding activities that target simultaneously multiple PAMPs, then it is unlikely that co-evolving microbes will be able to mount multiple simultaneous successful immune avoidance mechanisms or a complex counter attack to become pathogenic or to improve virulence. Hence, purple sea urchins are very capable of protecting themselves from the large numbers of potential pathogens that are present in the marine habitat and the Sp185/333 proteins may be a major system facilitating these immune defenses.
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